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(Received 7 December 2005; published 27 March 2006)0031-9007=The near-threshold evolution of electron-impact ionization of hydrogen is revealed with measurements
of the angular and energy correlations of the outgoing electrons down to 0.05 eV. The single-, double-, and
triple-differential cross sections in the perpendicular plane are measured simultaneously using a dual
wedge-and-strip detector on a single-toroidal energy analyzer, avoiding many experimental problems. The
experimental and calculated data are in excellent agreement, within the experimental precision of 10%,
and provide further evidence that the accurate solution of the Schro¨dinger equation provides a complete
description of the reaction dynamics of near-threshold ionization.
DOI: 10.1103/PhysRevLett.96.123201 PACS numbers: 34.80.DpA knowledge of ionization phenomena has traditionally
been required in areas such as astrophysics, atmospheric
physics, and plasma physics, and recent studies have
shown that very low-energy electron-impact ionization is
also important in biomolecular processes [1]. However,
ionization experiments close to the ionization threshold
are constrained by the measurement precision of the very
low-energy breakup fragments. This Letter describes an-
gular correlation measurements for a fundamental ionizing
collision system that reduces this detection limit to 0.05 eV.
The electron impact of atomic hydrogen (e-H) is the
simplest ionizing collision system and is more amenable
to theoretical studies than multielectron targets. However,
the challenges in producing an atomic hydrogen beam
make the measurements difficult. Consequently, ionization
threshold measurements of angular correlation using he-
lium targets have been largely preferred (see [2]). At higher
energies an understanding of e-H ionization has been
established from momentum transfer dynamics which
have been measured, precisely and then absolutely (see
[3–5], for example). However, all measurements of the
angular correlation of e-H ionizing collisions have been
made in the coplanar geometry. Out-of-plane kinematics,
while producing smaller cross sections, are known to be a
stringent test of theoretical models [6,7].
The model of Wannier [8] is commonly used to predict
the ionizing behavior of neutral atomic targets near the
ionization threshold. The Wannier threshold law gives the
total ionization cross section (TICS) as a function of excess
energy above the ionization threshold as  / E1:127,
though alternate theories have been proposed (e.g., [9]).
Near-threshold studies [2,10–12] have shown that there is
no preferred energy distribution between the escaping
electrons and that the electron-pair angular correlations
have a Gaussian distribution with a maximum at electron
separations of 12  180 and a full width at half maxi-
mum proportional to E0:25. Accurate and complete numeri-
cal solutions of the underlying Schro¨dinger equation for
e-H collisions has now been demonstrated using exterior06=96(12)=123201(4)$23.00 12320complex scaling [13], and a recent Letter [14] has given the
first ab initio numerical quantum-mechanical support for
these threshold laws for hydrogen targets, suggesting that
the Wannier region for hydrogen extends to about 2 eV
above the ionization threshold. It is known that angular
correlation measurements provide the most rigorous test
for theory [6,15], and while these threshold laws are inde-
pendent of the target, there is evidence [16,17] that the
angular correlation of these collisions away from threshold
are highly dependent upon the target. Only one previous
measurement [5] for angular correlation of e-H ionization
(1 eV above threshold in the coplanar geometry) can be
considered to be substantially within the Wannier region.
We now report several significant experimental develop-
ments. The present work extends the observable energy of
the escaping electrons down to 0.05 eV and reports simul-
taneous measurements of double- and triple-differential
cross sections, also made simultaneously over a wide
range of angles and energies. This is made possible by
the improved precision and accuracy of a unique single-
toroidal electrostatic energy analyzer. We observe in the
perpendicular scattering plane where the cross section are
about 10 times smaller than coplanar measurements. This
instrument avoids many instrumental uncertainties, par-
ticularly, for example, the different alignments and trans-
mission and detection efficiencies which are inherent in the
use of separate rotatable energy analyzers for two or more
scattered electrons when sequential rather than simulta-
neous observations are made. We demonstrate these fea-
tures for six experimental aspects, each with significant
physical consequences.
The basic experiment uses a conventional crossed
electron-atom beams apparatus, but with a new high-
efficiency toroidal electrostatic electron-energy analyzer,
shown in Fig. 1. A detailed description of the instrument
[18] and its initial application to the measurement of triple-
differential (e; 2e) cross sections for the separated fine-
structure states of krypton [19] have been reported previ-
ously. However, here we describe a new and significant1-1 © 2006 The American Physical Society
FIG. 1. Schematic diagram of the 360 electrostatic toroidal
electron-energy analyzer.
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possible. We now discuss six features of the analyzer that
are significant for the present study.
(i) The analyzer gives continuous energy and angular
distributions over wide ranges in a single scattering plane.
Alternate use of a continuous angular distribution is
sampled with annular exit slits and a continuous energy
distribution is sampled by radial slits. Regions of interest
are selected by either physical entry and exit slits or com-
puter software for efficient data collection. We used either
9, 12, or 18 sector-shaped slits, with centers separated by
10, 15, or 20, respectively, and arranged with half the
slits on each ‘‘wedge-and-strip’’ anode (WSA) [18].
(ii) Electrons that pass through the analyzer and exit slits
are focused onto 40 mm diameter microchannel plates
(MCPs) whose output charges are collected by each of
the three electrodes of two separate WSAs, each covering
a semicircular half of the MCPs [18]. Coincidence signals
are obtained between the two halves for any location.
Charge-sensitive preamplifiers from each of the three elec-
trodes of each WSA give both the fast timing and the
location of the incident electrons and this gives perfect
correlation between them. This significant feature is in
marked contrast to the usual resistive anode position-
sensing device which required the timing identification
from the charge pulse from the output of the second
channel plate multiplier and which is usually limited to
less than 95% correlation between timing and position
identification. In this way the two electrons from a single
scattering event are identified.
(iii) The present study takes advantage of perpendicular-
plane (with polar angles of 90) scattering for which the
Legendre polynomials for odd states of total angular mo-12320mentum are zero so p and f waves (and so on) do not
contribute to the observed signal.
(iv) By appropriate selection of the operating mode of
the analyzer, the full energy range of the scattered electron
can be dispersed across, and contained within, the output
slit. Hence double-differential cross sections (DDCSs) can
be measured. Thus coincidences between any two sectors
[see item (i)], or points on the sectors, determine triple-
differential cross sections (TDCSs); the signal from any
angle can be summed over energies to give a DDCS (with
respect to angle) or over angles to give a DDCS (with
respect to energy), and finally summing over all radii
(energies) and angles to give a single-differential cross
section (SDCS). Here we do not give a SDCS since there
would be only a single number. Similarly for future work,
we note that rotating the incident-electron beam angle
gives other SDCSs and so on, while the insertion of a total
ion collector gives a TICS.
(v) Since the singles count rates must be isotropic in the
perpendicular plane, any variations in gain across the MCP
detectors could be compensated for accurately. Similarly,
all pairs of entry and exit slits with the same separations
should give the same count rate, within statistical uncer-
tainty. Since only a single-toroidal electrostatic field dis-
perses the analyzed electrons, the energy and angular
calibrations and alignment are guaranteed to be constant
in contrast to rotatable analyzers.
(vi) The use of a single analyzer for the two outgoing
electrons gives only a single set of experimental uncertain-
ties for the outgoing electrons, rather than two sets when
separate analyzers are used. Thus, the uncertainties intro-
duced from different acceptance solid angles, energy cal-
ibrations, detection efficiencies (other than across the
MCPs), energy resolution, and time variation for sequential
measurements are eliminated.
Apart from the toroidal spectrometer, the experiment is
based on a conventional (e; 2e) crossed beams apparatus.
Typical operating characteristics were, for example, a
20 eV incident-electron beam with about 3 A in a di-
ameter of 0.5 mm and beam angle of about 0.5 and
analyzer energy dispersion up to 7 eV. However, these
characteristics varied widely for other incident and ana-
lyzed energies as may be deduced from Figs. 2–4.
The experimental data were compared with numerical
solutions of the full Schro¨dinger equation. We used the
propagating exterior complex scaling (PECS) method [20]
to compute solutions in a finite but extended region of
coordinate space, typically out to a hypersphere of suffi-
cient radius to ensure the asymptotic form of the ionization
wave function could be reliably assumed. A surface-
integral technique was used to evaluate the ionization
amplitudes from these wave functions. Details of this
method are given in [20,21], and it has been shown to
provide accurate results near ionization threshold [14].
This method is an adaptation of the exterior complex1-2
PRL 96, 123201 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending31 MARCH 2006
scaling technique pioneered by McCurdy et al. [22].
Different numerical algorithms are used in PECS to ensure
solutions can be obtained very close to threshold. The
present calculations were undertaken at incident-electron
energies ranging from E0  14:1 to 20.4 eV, with grid sizes
and maximum partial-wave angular momentum of R0 
180 to 100a0 and Lmax  6 to 10, respectively.
The measured data have a statistical uncertainty of about
10% and have been normalized at 14.6 eVat 12  180 to
the PECS calculated values. The smallest measured sepa-
ration between electrons was 12  60 and the lowest
incident energy was 14.1 eV. The electrons were acceler-
ated from the first aperture up to the pass energy of the
analyzer and great care had to be taken to minimize stray
electrons from around the interaction region. An absolute
cross section calibration was also made at this energy,
yielding a value 6% higher than the calculated PECS value,
with uncertainty 15%. The absolute calibration proce-
dure is well known and is discussed by Williams [23] and
references therein. The absolute measurements were not
used for these comparisons as it would not add to the worth
of the study. The estimated standard error of the TICS of
the PECS calculations range from 3% at 14.1 eV to 1% at
20.4 eV.
In Fig. 2 we show symmetric (E1  E=2) and highly
asymmetric (E1  E=10) energy sharing TDCSs at total
energies of 0.5 and 6.8 eV above ionization threshold
(13.6 eV). The small error bars of the asymmetric mea-
surements at E  0:5 eV demonstrates the remarkable
performance of the new instrument for measuring the
angular correlation of very low-energy (0.05 eV) electrons.
They have a Gaussian-like distribution about 12  180
that is relatively independent of energy sharing, which is
consistent with Wannier theory [11]. By 6.8 eV above
threshold, the Wannier peak has diminished and is domi-
nated by secondary peaks at 12  104 and 256.0 60 120 180 240 300 360
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FIG. 2 (color online). Present electron-impact ionization
TDCS measurements and calculations for hydrogen as a function
of the angle between outgoing electrons (12) in the
perpendicular-plane geometry with polar angle of 90.
12320It is interesting to note that the details of the structure of
the TDCSs, as we move to higher energies, is quite depen-
dent on the target species. This was noted by Schlemmer
et al. for the coplanar geometry of H and He targets. Pan
and Starace [17] confirmed the measurements using a
distorted wave model.
Zhang et al. [24] and Murray et al. [6] investigated the
peak structure of e-He measurements in the perpendicular
plane and gave a phenomenological explanation for the
collision process; the single peak structure at 180, which
is favored near threshold, is due to a single-collision pro-
cess and the second peak is due to a double-collision
process that is energetically favored away from threshold.
The deviations from the Wannier geometry are clearly seen
in the hydrogen and helium measurements at higher ener-
gies, but important differences are evident. First, for e-He
collisions, the double-collision process does not dominate
until 50 eV above threshold, and never dominates in the
asymmetric-energy sharing manifold [6]. This contrasts
with the clear dominance of the double-collision mecha-
nism for e-H collisions at 6.8 eV above threshold. Second,
the double-collision peaks in the e-H system are dominant
in both asymmetric- and symmetric-energy sharing ar-
rangements, whereas for helium they are much smaller in
asymmetric kinematics and merge with and broaden the
single-collision peak. Third, the angle of the double-
collision peak in e-He is approximately 96, shifted from
our hydrogen result of 104. So, while the width of the
Wannier peak of both targets have been shown to conform
to the same E0:25 law [2,14] near threshold, their departure
from this law with increasing energy is very different.
In Fig. 3 we use the DDCS measurements (with respect
to 12) to show in finer detail the transition from Wannier
behavior in the near-threshold region with increasing en-
ergy, noting that the results are symmetric about   180
in the perpendicular plane. At 14.1 and 14.6 eV, within
1 eV of ionization threshold, the DDCS exhibits a60 90 120 150 180
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FIG. 3 (color online). Present electron-impact ionization
DDCS measurements and calculations for hydrogen for the
perpendicular-plane geometry as a function of 12, for various
incident energies.
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FIG. 4 (color online). The same data as in Fig. 3 but plotted as
a function of incident-electron energy for various 12.
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emerging double-scattering peak is clearly evident and
becomes dominant above 17.6 eV. The progressive change
from a single peak to a double-peak structure suggests that
the region of validity of the Wannier model is restricted to
less than 2 eV above the ionization threshold for e-H.
Figure 4 shows the DDCS results of Fig. 3 plotted as a
function of incident-electron energy for various electron
scattering angles. The decreasing dominance of the
Wannier contribution to the cross sections at nearly back-
to-back angles (180 to 140) is readily evident with
increasing energy. The most interesting feature of this
plot is that the DDCS near the double-collision peak
(100) increases linearly with energy above the ionization
threshold. Given that the deviation from the Gaussian
shape predicted by Wannier theory is shown in Fig. 3 to
be due to the evolution of the double-collision peak, this
linear dependence confirms that Wannier theory is strictly
applicable only at ionization threshold.
The PECS calculations in all figures are in excellent
agreement with measurement, with the exception of 12 
60, where cross sections are relatively small and the
PECS results are systematically lower than measurement
by 2 standard deviations.
In conclusion, simultaneous measurements using a
single-toroidal electrostatic electron-energy analyzer,
with improved accuracy and energy range, have revealed
the angular dynamics of near-threshold collisions for hy-
drogen in the perpendicular plane. Double- and triple-
differential cross sections were obtained for final-state
electrons with energies ranging from 0.05 to 6.8 eV. The
PECS calculations are in excellent agreement with the
absolute measurements, demonstrating that accurate solu-12320tions to the full Schro¨dinger equation provide a complete
description of the collision process near the ionization
threshold.
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